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A stator is proposed as necessary to prevent futile rotation of the F1 catalytic sector of mitochondrial ATP synthase (mtATPase) during
periods of ATP synthesis or ATP hydrolysis. Although the second stalk of mtATPase is generally believed to fulfil the role of a stator capable
of withstanding the stress produced by rotation of the central rotor, there is little evidence to directly support this view. We show that
interaction between two candidate proteins of the second stalk, OSCP and subunit b, fused at their C-termini to GFP variants and assembled
into functional mtATPase can be monitored in mitochondria using fluorescence resonance energy transfer (FRET). Substitution of native
OSCP with a variant containing a glycine 166 to asparagine (G166N) substitution yielded a metastable complex. In contrast to the enzyme
containing native OSCP, FRET could be irreversibly lowered for the enzyme containing G166N at a rate that correlated closely with the rate
of enzyme activity (ATP hydrolysis). The non-hydrolysable ATP analogue, AMP-PCP did not have this effect. We conclude that two
candidate proteins of the stator stalk, OSCP and b, are subject to stresses during enzyme catalytic activity commensurate with their role as a
part of a stator stalk.
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Mitochondrial F1F0-ATP synthase (mtATPase) of the
yeast Saccharomyces cerevisiae is a membrane-bound en-
zyme complex responsible for the production of ATP, from
ADP and inorganic phosphate. The subunits of yeast mtAT-
Pase are classified as belonging to either the F1 or F0 sector.
The F1 sector comprises subunits a, h, g, y, q, in the
stoichiometry 3:3:1:1:1 and is responsible for the synthesis
(or hydrolysis) of ATP at three high-affinity nucleotide-
binding sites located on the h subunits of the a3h3 hexamer.
Less well-defined structurally is the F0 sector, which
includes subunits that reside in the inner mitochondrial
membrane and function as a proton translocation pathway.
In addition, other F0 subunits form the proposed stator stalk
linking the membrane and F1. In yeast, F0 contains one copy0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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and 10 copies of subunit 9 arranged in a ring (for review see
Ref. [1]). Protons flow into the mitochondrial matrix
through F0, driven by a proton motive force across the inner
mitochondrial membrane created by the activity of the
electron transport chain. Current thinking envisages that
proton flow through F0 drives rotation of the subunit 9 ring,
which in turn causes rotation of a shaft comprising F1
subunits g, y and q. Rotation of the shaft within the a3h3
headpiece of F1 results in conformational changes at the
nucleotide binding sites located on the h subunits and
provides the energy needed for ATP synthesis (for review
see Ref. [2]).
The existence of a stator in ATP synthase complexes has
been proposed to prevent the futile rotation of the a3h3
hexamer while allowing the conformational changes re-
quired for the release of ATP during ATP synthesis [3].
Support for the presence of a stator has derived principally
from observations of a second peripheral stalk in single
molecule electron microscopy images of complexes isolated
from E. coli, chloroplasts and mammalian cells [4–6].
Fig. 1. A model of the yeast mtATPase showing the relative positions of
subunit b and OSCP fused to the GFP and BFP, respectively. In this
representation of the monomer form of the complex, dimer-specific
subunits e, g, and k are not shown.
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structure able to accommodate considerable distortion in-
cluding up–down movements (perpendicular to the mem-
brane) during rotation of the a3h3 hexamer and central
components [9].
Whereas the second stalk in the bacterial complex is
thought to comprise subunit y and a subunit b dimer, the
second stalk of yeast mtATPase has been suggested to
include OSCP, the single copies of subunits b and d
[11,12] and possibly subunit 8 [13,14]. In the absence of
detailed structural information for any second stalk structure
the exact position and protein–protein contacts made by
proteins of the stalk in the yeast complex are at present
unknown. Cross-linking studies in yeast [15,16], and con-
sideration of data obtained for its bacterial [17,18], chloro-
plast [19,20] and mammalian homologues [21,22], suggest
OSCP to be located at the side and towards the top of the F1
sector. Electron micrographs of avidin labelled OSCP in
yeast indicate that it lies towards the top of F1 [23]. Subunit
b is anchored in the membrane and has a matrix domain that
extends towards F1. Evidence for interaction between the C-
termini of OSCP and subunit b in yeast has been demon-
strated using two-hybrid analysis and cross-linking studies
[15,16]. Although components of the second stalk are
important for stabilising interactions of the yeast a3h3
hexamer with the membrane [24,25], little direct evidence
is available to indicate the second stalk acts as a stator to
prevent rotation of the a3h3 hexamer. This evidence must
derive from experiments carried out using mtATPase com-
plexes undergoing ATP synthesis (or hydrolysis).
An essential feature of a stator, in this case the second
stalk, is the ability of its component subunits to maintain
appropriate protein–protein interactions both within the
stalk and with the a3h3 hexamer, and to withstand the stress
of torsional forces imposed upon the a3h3 hexamer by the
rotation of subunit g. The isolation of mtATPase complexes
containing stator stalk proteins that undergo alterations in
protein–protein interactions as a result of catalytic activity
(ATP synthesis or hydrolysis) would reveal changes in the
interaction of candidate proteins of the stator stalk produced
by stress. Such observations would provide for the partic-
ipation of those proteins in a stator role.
The importance of OSCP in coupling proton transloca-
tion to ATP synthesis has been clearly demonstrated [24,26].
We have previously [27] examined the effect of a single
residue change at a conserved glycine (position 166) of
yeast OSCP. A glycine to asparagine substitution variant
(G166N) assembled into functional mtATPase complexes,
enabled growth of cells on the respiratory substrate ethanol,
albeit with a slower generation time. These cells demon-
strated a relative insensitivity to the F0 inhibitor oligomycin
during state 3 respiration, as well as a passive leak of
protons across the inner mitochondrial membrane through
F0. Moreover, mtATPase complexes containing the G166N
variant were found to be metastable, being more susceptible
(compared to complexes containing native OSCP) to disso-ciation under particular conditions, including immunopre-
cipitation from mitochondrial membranes solubilised in
detergents [27]. These properties are consistent with altered
protein–protein interactions within mtATPase.
In the present study, we sought to reveal, using GFP
technology and fluorescence resonance energy transfer
(FRET), changes in the interaction of two candidate proteins
of the stator, OSCP and subunit b, by analysis of a
metastable mtATPase complex incorporating the G166N
variant. While the proximity and interaction of proteins
can be detected using cross-linking or two-hybrid analysis,
GFP technology and FRET can be used to non-invasively
monitor real-time dynamic changes in protein conforma-
tional and protein–protein interactions in vivo [28,29]. The
two subunits were tagged with GFP variants appropriate for
FRET. A subunit b-YEGFP3 fusion was expressed in
combination with either OSCP-BFP11 or OSCPG166N-
BFP11 fusion proteins, in yeast strains lacking the endog-
enous subunits. These fusion proteins were incorporated
into functionally assembled mtATPase and FRET between
the fluorophores of the fusion proteins could be detected in
isolated mitochondria (Fig. 1). Under conditions of enzyme
activity (ATP hydrolysis) FRET detected in mitochondria
remained relatively unchanged in the control strain express-
ing native OSCP. In mitochondria expressing the G166N
variant, FRET decreased at a rate that correlated closely
with the rate of ATP hydrolysis. A non-hydrolysable ATP
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minor reduction in FRET. Our observations reveal that the
stress existing in the F1/stator interaction during ATP
hydrolysis can be detected by FRET as altered interaction
between OSCP and subunit b, two candidate proteins of the
second stalk, commensurate with their role as part of a
stator.2. Materials and methods
2.1. Materials
Ni2 +-NTA resin was purchased from Qiagen (Mel-
bourne, Australia). Dodecyl h-maltoside, ATP, ADP, Com-
plete Protease Inhibitors without EDTA and trypsin were
purchased from Boehringer Mannheim (Sydney, Australia).
AMP-PCP, BSA (fatty acid-free), q-amino-N-caproic acid
and phenylmethylsulfonyl fluoride (PMSF) were purchased
from Sigma (Sydney, Australia). 5V-fluoro-orotic acid (5V-
FoA) was purchased from ScimaR (Melbourne, Australia).
Anti-(mouse IgG) and anti-(rabbit IgG) were purchased
from Amrad-Pharmacia (Melbourne, Australia). Antibodies
to OSCP, b and d, and to GFP were as described previously
[12]. Vistra ECF substrate was purchased from Amersham
Pharmacia Biotech (Sydney, Australia).
2.2. Construction of expression cassettes and yeast strains
Expression cassettes encoding subunit b-YEGFP3 and
OSCP-BFP11 fusion proteins were constructed under the
transcriptional control of the relevant native promoter.
DNA fragments encoding the promoter region and open
reading frame of subunits b (ATP4PO) and OSCP
(ATP5PO) were retrieved by PCR using the oligonucleo-
tide primer pair ATP4PROMUP1/ATP4DO3 or ATP5-
PROMUP/ATP5MGFP1, respectively and YRD15 genomic
DNA as template (see Table 2). DNA fragments encoding
the transcription terminator regions of ATP4 and ATP5
(ATP4T and ATP5T) were retrieved using the primer pair
ATP5TUP/ATP5TDO or ATP4TUP/ATP4TDO, respective-
ly, (Table 2) and YRD15 genomic DNA as template. PCR
products were ligated into pGEM-T (Promega) to generate
pGEM-T:ATP4PO, pGEM-T:ATP5PO, pGEM-T:ATP4T
and pGEM-T:ATP5T.
Complete expression cassettes encoding each of the
fusion proteins were assembled in the yeast integrating
vector pRS306 carrying the URA3 auxotrophic marker
[30]. The ATP4 terminator fragment, ATP4T was released
from pGEM-T:ATP4T as a NotI/SacII fragment and ligated
into the NotI/SacII cloning site of pRS306 to produce
pRS306:ATP4T. A BglII/BamHI fragment, ATP4PO, re-
leased from pGEM-T:ATP4PO was ligated into the BamHI
site of pRS306:ATP4T to generate pRS306:ATP4POT. A
BglII/NotI fragment encoding YEGFP3 with a 27 amino
acid linker [31] was ligated into the unique BamHI/NotIsite of pRS306:ATP4POT to generate pRS306:ATP4POT-
YEGFP3.
The ATP5 terminator fragment, ATP5T was released
from pGEM-T:ATP5T as a NotI/SacII fragment and
ligated into the NotI/SacII cloning site of pRS306 to
produce pRS306:ATP5T. A BglII/BamHI fragment,
ATP5PO, released from pGEM-T:ATP5PO was ligated
into the BamHI site of pRS306:ATP5T to generate
pRS306:ATP5POT. An AgeI/NotI DNA fragment released
from pAS1N:ATP5-BFP11 was ligated into the AgeI/NotI
cloning site of pRS306:ATP5POT to produce pRS306:
ATP5POT-BFP11. BFP11 is a blue-shifted variant of
YEGFP3 created by the substitution of four amino acids
(F64M, G65S, Y66H and A72S) around the fluorophore
[32]. In this study, BFP11 contained a hexahistidine tag
at its C-terminus. pRS306:ATP5POT-BFP11 was digested
to release a PvuII fragment encompassing the ATP5POT-
BFP11 expression cassette and ligated into the PvuII
cloning site of the episomal expression vector pRS416
containing the URA3 auxotrophic marker [30] to generate
pRS416:ATP5POT-BFP11.
The parental strain used in this study was the S. cerevi-
siae strain YRD15 (Table 1). Yeast strains were constructed
expressing fusion proteins for both OSCP and subunit b
(Table 1). OSCP-fusion proteins encoded on vectors were
expressed in the ATP5 null background. Homologous re-
combination was used to replace the genomic copy of the
ATP4 gene with a gene cassette encoding subunit b-GFP
fusion protein. Vectors containing expression cassettes to be
integrated into the yeast genome were linearised prior to
transformation of yeast cells [33]. pRS306:ATP4POT-
YEGFP3 (1 Ag) was linearised at a unique AgeI site in the
ATP4 terminator region and used to transform (Agatep, R.,
Kirkpatrick, R.D., Parchaluik, D.L., Woods, R.A., and
Gietz, R.D. (1998) Technical Tips Online (http://tto.trends.
com)) the yeast strain A5NP [12] (Table 1). Transformants
were selected by plating on selective medium and then
examined for green fluorescence (see below). Successful
integration events yielded transformants containing the
original ATP4 gene in tandem with the linearised
pRS306:ATP4POT-YEGFP3. Transformants exhibiting
green fluorescence were grown overnight in non-selective
liquid YEPD medium and ura3 cells selected by growth on
solid medium containing 5V-FoA [34]. Colonies surviving 5V-
FoA challenge were examined for retention of GFP fluo-
rescence before being tested for growth upon ethanol to test
for functionally assembled mtATPase complexes. The vec-
tor pAS1N::ATP5 rescuing the atp5 null genotype was
removed by plasmid shuffling [35] to produce the strain
b-GFP. b-GFP was transformed with pRS416:ATP5POT-
BFP11 or pRS416:OSCPG166NPOT-BFP11 to produce
strains O-BFP/b-GFP and OG166N-BFP/b-GFP, respective-
ly (Table 1). O-BFP/b-GFP and OG166N-BFP/b-GFP lack
endogenous OSCP and subunit b but express subunit b and
OSCP or b and OSCPG166N, respectively, fused to GFP
variants suitable for FRET.
Table 1
Yeast strains used in this study
Yeast strain Description Replaced chromosomal gene Disrupted
chromosomal
mtATPase gene
Rescuing plasmid
YRD15 Parental strain (MATa, his3, ura3, leu2, rho + ) – – –
A5NP Expresses native OSCP in an ATP5 (OSCP)
null background
– ATP5 pAS1N:ATP5
YG166N Expresses the variant G166N in an ATP5
(OSCP) null background
– ATP5 pAS1N:G166N
O-BFP Expresses the subunit fusion OSCP-BFP11
in an ATP5 (OSCP) null background
– ATP5 pRS315:ATP5POT-
BFP11
b-GFP Expresses the integrated subunit fusion
b-YEGFP3 in place of endogenous subunit
b. Expresses native OSCP in an ATP5 (OSCP)
null background
ATP4 with ATP4POT-YEGFP3 ATP5 pAS1N:ATP5
O-BFP/b-GFP Expresses two fusion proteins used for FRET
studies, b-YEGFP3 and OSCP-BFP11,
in the absence of endogenous subunits
ATP4 with ATP4POT-YEGFP3 ATP5 pRS416:ATP5POT-
BFP11
OG166N-BFP/
b-GFP
Expresses two fusion proteins used for FRET
studies, b-YEGFP3 and G166N-BFP11,
in the absence of endogenous subunits
ATP4 with ATP4POT-YEGFP3 ATP5 pRS416:G166N-
BFP11
P.D. Gavin et al. / Biochimica et Biophysica Acta 1607 (2003) 167–1791702.3. Mutagenesis
Site-directed mutagenesis (Quickchange, Stratagene)
was used to alter the codon specifying the conserved
glycine 166 of OSCP encoded in pRS416:ATP5POT-
BFP11 to one specifying an asparagine residue using the
primer pair G166NUP/G166NDO (Table 2) to generate
pRS416:OSCPG166NPOT-BFP11.
2.4. Isolation of mitochondria and ATPase assays
Growth media used were as described in Ref. [36] and
supplemented with uracil, histidine or leucine as required.
Growth at 28 jC in well-aerated liquid medium (SaccE) was
followed using a colorimeter (Klett-Summerson) and cells
harvested during mid-logarithmic growth phase. Mitochon-
dria were isolated, flash-frozen and stored at  80 jC [27].
Mitochondria were thawed and used in experiments for
analysis of mtATPase assembly, fluorescence studies and
ATPase assays. The Dye-Binding Protein Assay (Biorad)
was used for protein estimations. ATPase activity was
followed in an enzyme-linked spectrophotometric assayTable 2
PCR primers used in this study
Primer
ATP4PROMUP1
ATP4DO3
ATP5PROMUP
ATP5MGFP1
ATP5TUP
ATP5TDO
ATP4TUP
ATP4TDO
G166NUP
G166NDO
Nucleotides specifying BglII and BamHI restriction sites are in bold and underlin[37]. Production of inorganic phosphate was monitored
using the Ames’ colorimetric assay [38].
2.5. Clear native PAGE
Clear Native-PAGE was used to separate monomers and
dimers of mtATPase in lysates of mitochondria [39]. Mito-
chondria (200 Ag) were pelleted (100,000 g, 10 min) and
resuspended in 50 mM NaCl, 2 mM aminohexanoic acid, 1
mM EDTA, 5 mM PMSF, 50 mM imidazole, pH 7.0)
containing lauryl maltoside (4 g/g protein) or digitonin
(4 g/g protein) to recover monomers and dimers of mtATPase,
respectively. After 20 min incubation at 4 jC lysates were
centrifuged (100,000 g, 10 min) and supernatants loaded
onto Clear Native polyacrylamide gels (gradient 4–13%).
Electrophoresis was performed at 4 jC for 3 h at 15 mA.
2.6. Analysis of fluorescence
Fluorescence microscopy of yeast cells was performed
using an Olympus BX60 fluorescence microscope equipped
with filters for BFP and GFP (Chroma, USA).Sequence
5V-AGATCTGTGTTGTGACGCAACTGC-3V
5VGGATCCTTCAATTTAAGAAAGCAATTGCTT-3V
5V-GTAAGATCTGGCTGCAAACC-3V
5V-AGATCTCCCGGGGTCATGCTCTGCTCTACGACCTTATTCGA-3V
5V-GTTGGATATGCTCAACTCGTTTG-3V
5V-GTGTATAGGCGTGACTTTGAC-3V
5V-TCACAACAGTAACTGCGACAA-3V
5V-GATCTCGTACACGTTACATGTTCC-3V
5V-CCAGAGATTAAGGGTAATTTGATTGTAGAACTTGG-3V
5V-CCAAGTTCTACAATCAAATTACCCTTAATCTCTGG-3V
ed, respectively. Changes specifying codon alterations are shown in italics.
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recorded from suspensions of mitochondria (200 Ag) in
50mM Tris/HCl, pH 8.0 at 28 jC (0.75 ml) using a Cary
Eclipse spectrofluorimeter (Varian, Melbourne, Australia).
Scans were performed at 120 nm/min with 5 nm slit widths.
Emission spectra remain uncorrected. Clear Native gels,
while still between the glass plates, were imaged for
fluorescence using a Perkin-Elmer multi-wavelength imager
in ‘edge-illumination mode’ using appropriate filters for
GFP excitation (480F 20 nm) and emission (535F 20
nm). Complete emission and excitation spectra were
recorded for regions of the imaged gel using a fibre optic
probe accessory coupled to the spectrofluorimeter. Spectra
were corrected for fluorescence due to polyacrylamide using
an emission spectrum recorded from a region of the gel not
loaded with sample. Following fluorescence analysis, gels
were separated from gel plates and stained for protein with
Coomassie blue.3. Results
3.1. Strains O-BFP/b-GFP and OG166N-BFP/b-GFP
contain functional mtATPase and exhibit mitochondrial
fluorescence
Yeast cells lacking expression of endogenous subunit b or
OSCP are unable to grow on non-fermentable substrates
owing to the absence of functional ATP synthase complexes
[25,40]. Thus, strains O-BFP/b-GFP and OG166N-BFP/b-
GFP were assessed for growth in liquid SaccE medium
containing ethanol as carbon source. Both strains were able
to grow on ethanol-containing medium enabling their growth
rates at 28 jC to be compared with that of the control strain
YRD15 (Table 3). The doubling time for O-BFP/b-GFP cells
(8.5 h) was similar to cells of the parental strain YRD15 (8.6
h). Compared to the parental strain YG166N [27] (express-
ing OSCPG166N not fused to BFP11) the cell doubling time
for OG166N-BFP/b-GFP strain (13.7 h) was higher but
similar to YG166N (13.0 h).Table 3
Generation times of strains and oligomycin-sensitive ATPase activities of
isolated mitochondria
Strains Generation
time (h)
ATP hydrolysis (Amol ATP
min 1 mg protein 1)
Inhibition
(%)
No addition + oligomycin
YRD15 8.67F 0.14 2.11F 0.06 0.97F 0.15 54.4
YG166N 13.04F 0.05 2.12F 0.18 1.77F 0.07 16.2
O-BFP/b-GFP 8.57F 0.14 1.86F 0.17 0.83F 0.24 55.3
OG166N-
BFP/b-GFP
13.7F 0.42 2.31F 0.70 2.02F 0.54 12.9
Mitochondria were isolated from cells grown at 28 jC with 2% ethanol as
the carbon source. Assays were performed in the presence of 100 Ag of
oligomycin/mg of protein, where indicated. Numbers represent the
meanF standard error.Two key properties of cells expressing OSCP containing
the substitution G166N are slow growth on non-fermentable
carbon sources and reduced sensitivity of ATPase activity to
oligomycin [27]. In this study, uninhibited ATPase activity
in mitochondria isolated from strains YRD15, YG166N,
O-BFP/b-GFP, OG166N-BFP/b-GFP was similar (Table 3).
ATPase activity in mitochondria isolated from YRD15 and
O-BFP/b-GFP was moderately sensitive to oligomycin
(YRD15, 54.4% inhibition; O-BFP/b-GFP= 55.3% inhibi-
tion) compared to the relatively low sensitivity of ATPase
for mitochondria isolated from the strains YG166N and
OG166N-BFP/b-GFP (YG166N = 16.2% inhibition;
OG166N-BFP/b-GFP= 12.9% inhibition). Together with
growth data, these results collectively indicate that O-BFP/
b-GFP and OG166N-BFP/b-GFP cells lacking endogenous
OSCP and subunit b contain similar amounts of mtATPase
activity assembled at levels sufficient to support growth on a
non-fermentable substrate.
Fluorescence microscopy was used to visualise O-BFP/b-
GFP cells and OG166N-BFP/b-GFP cells. Fluorescence due
to YEGFP3 and BFP11 was localised solely to yeast
mitochondria (data not shown). These results indicate that
each of the fluorescent proteins tagged to OSCP or subunit b
have been targeted correctly to the mitochondrion and have
matured to their fluorescent form.
Collectively, these results indicate that mtATPase com-
plexes in cells expressing both b-YEGFP3 and OSCP-
BFP11 appear functionally similar to mtATPase in cells
expressing b and OSCP not fused to a fluorescent protein.
Furthermore, the presence of both fluorescent proteins does
not influence the behaviour of the OSCP variant containing
the substitution G166N.
3.2. OSCP-BFP11 and b-YEGFP3 fusions are stable in
cells
Fluorescent proteins in mitochondria not associated with
mtATPase, if present in significant amounts, would interfere
with spectral analysis and possibly mask the presence of
FRET between the fusion proteins. Fusion proteins were
expressed in cells under the transcriptional control of the
respective native promoters with the aim of avoiding over-
expression and accumulation of full-length fusion proteins
or degraded fusion proteins not assembled into mtATPase
complexes.
We investigated whether full-length fusion proteins were
present within cells. Whole cell lysates of strains YRD15,
O-BFP, b-GFP, O-BFP/b-GFP and OG166N-BFP/b-GFP
were subjected to SDS-PAGE. Individual blots were probed
with antisera directed against subunit b, GFP, OSCP, or
subunit d (Fig. 2). A polypeptide of Mrf 25,000 cor-
responding to endogenous subunit b was observed for
strains YRD15 (panel A, lane 1) and O-BFP (panel A, lane
3) when probed with antisera against subunit b. Polypep-
tides of Mrf 53,000 corresponding closely in size expected
for b-YEGFP3 were observed for samples from strains b-
Fig. 2. Immunological detection of fusion proteins in whole cell lysates. Whole cell lysates of strains YRD15 (lane 1); b-GFP (lane 2); O-BFP (lane 3); O-BFP/
b-GFP (lane 4), and OG166N-BFP/b-GFP (lane 5) were subjected to SDS-PAGE and proteins transferred to PVDF membranes. Blots were probed with
antisera directed against subunit b (panel A), GFP (panel B), OSCP (panel C) and subunit d (panel D). The position of molecular size markers is shown to the
left. In each panel, the positions of the fusion protein (filled arrow) and endogenous protein (open arrow) are indicated.
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OG166N-BFP/b-GFP (panel A, lane 5). Polypeptides of
corresponding mobility were observed in lysates of strains
b-GFP, O-BFP/b-GFP and OG166N-BFP/b-GFP when a
similar blot was probed with antisera against GFP (panel
B, lanes 2, 4, 5). This result confirms the identity of the
subunit b-YEGFP3 fusion.
A polypeptide of Mrf 52,000 corresponding to the
OSCP-BFP11 fusion was observed in lysates of strains
O-BFP (panel C, lane 3), O-BFP/b-GFP (lane 4) and
OG166N-BFP/b-GFP (lane 5) when a blot was probed
with antisera against OSCP. A polypeptide of Mrf 24,500
corresponding in size to endogenous OSCP was observed
in lysates of strains YRD15 (panel C, lane 1) and b-GFP
(panel C, lane 2). Polypeptides of corresponding mobility
were observed when a similar blot was probed with GFP
antisera confirming the identity of the OSCP-BFP11 fusion
(panel B, lane 3). Increased staining in this region of the
blot (panel B, lanes 4 and 5) compared to lysates O-BFP
(panel B, lane 2) presumably resulted from b-YEGFP3 and
OSCP-BFP11 migrating with similar mobilities. A poly-
peptide of Mrf 21,000 corresponding in size to endoge-
nous subunit d was observed in similar amounts in all
strains (panel D, lanes 1–5) indicating that mtATPase was
present in similar amounts in each of the strains. Collec-
tively these results show that full-length fusion proteins
OSCP-BFP11 and b-YEGFP3 are present in cells.
3.3. Single mtATPase complexes contain both OSCP-BFP
and b-YEGFP3
We next investigated whether individual mtATPase com-
plexes contain both OSCP-BFP11 and b-YEGFP3. We have
shown previously that immobilised metal affinity chroma-
tography can be used to recover assembled mtATPase
complexes containing subunit b, OSCP or subunit d tagged
at its C-terminus with hexahistidine [41]. In the present
study, BFP11 and the fusion proteins OSCP-BFP11 and
OG166N-BFP11 each contained a C-terminal hexahistidine
tag, whereas b-YEGFP3 did not. If individual mtATPase
complexes in O-BFP/b-GFP cells contain both OSCP-BFP11 and b-YEGFP3 it should be possible using Ni-
NTA beads to recover the tagged fusion protein along with
non-tagged fusion protein.
Lysates of mitochondria isolated from strains YRD15,
O-BFP and O-BFP/b-GFP were subjected to affinity chro-
matography on Ni-NTA resin and eluates subjected to SDS-
PAGE. Proteins were then transferred to PVDF membrane
and blots probed with antibodies directed against OSCP,
GFP, subunit b or subunit d (Fig. 3). Since we have shown
that mtATPase containing the OG166N variant was more
susceptible to dissociation on immunoprecipitation from
mitochondrial membranes solubilised in detergent [27],
mitochondrial lysates from OG166N-BFP/b-GFP were
not subjected to Ni-NTA chromatography. Polypeptides
corresponding to OSCP-BFP11 (Fig. 3, panel A, lane 3)
and b-YEGFP3 (Fig. 3, panel C, lane 3) were recovered
from Ni-NTA beads incubated with lysates of O-BFP/b-
GFP mitochondria. Polypeptides with similar mobility were
observed when a blot was probed with antisera against GFP
antibodies confirming the presence of fusion proteins con-
taining GFP (Fig. 3. panel B, lane 3). In this case both
fusion proteins migrate to the same position and appear as a
single band. For lysates of O-BFP mitochondria, the single
fusion protein expressed, OSCP-BFP11, was recovered
(panel A, lane 2) together with endogenous subunit b in
place of b-YEGFP3 (panel C, lane 2). A polypeptide
corresponding in size to endogenous subunit d was recov-
ered from lysates of both O-BFP and O-BFP/b-GFP cells
indicating that at least one other subunit of the mtATPase
complex (and presumably the complete complex) was
recovered along with hexahistidine-tagged OSCP-BFP11.
Recovery of subunit b, OSCP and subunit d polypeptides
from b-GFP lysates was minimal (panels A–D, lane 1). It
is presumed that degradation of fusion proteins observed in
this experiment (Fig. 3) and not observed in whole cell
lysates (Fig. 2) resulted from residual proteolytic activity in
the lysates. Ni-NTA chromatography precludes the use of
EDTA to inhibit metallo-endopeptidases. Collectively, these
results show that individual mtATPase complexes in O-
BFP/b-GFP cells contain both OSCP-BFP11 and b-
YEGFP3. Since similar amounts of full-length fusion
Fig. 3. Recovery and immunological detection of mtATPase subunits. Proteins recovered using Ni-NTA beads from lysates of mitochondria from strains b-GFP
(lane 1), O-BFP (lane 2) and O-BFP/b-GFP (lane 3) were subjected to SDS-PAGE and transferred to PVDF membranes. Blots were probed with antisera
against OSCP (panel A), GFP (panel B), subunit b (panel C), and subunit d (panel D). Molecular size markers are shown to the left. In each panel, the position
of the fusion protein (filled arrow) and corresponding endogenous protein (open arrow) are indicated.
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cells (Fig. 2), we presume that individual mtATPase com-
plexes from these cells also contain both fusion proteins.
3.4. FRET occurs between BFP11 and YEGFP3 in isolated
mitochondria
Emission spectra were recorded for mitochondria con-
taining single fusion proteins isolated from control strainsFig. 4. Emission spectra for mitochondria expressing proteins fused to BFP11 an
black line) or 480 nm (right ordinate axis, grey line) were recorded for suspensions
(C) and OG166N-BFP/b-GFP (D). In addition, a suspension of O-BFP/b-GFP m
emission spectra recorded with excitation at 360 nm (C, broken black line).O-BFP (Fig. 4A) and b-GFP (Fig. 4B). Upon excitation with
wavelengths of light specific for the excitation of BFP11
(360 nm) or YEGFP3 (480 nm), respectively, emission
maxima of 450 and 513 nm were observed for suspensions
of O-BFP and b-GFP mitochondria, respectively. Impor-
tantly, little emission at 513 nm was seen from b-GFP
mitochondria upon excitation with 360 nm light (Fig. 4,
panel B). Photobleaching of the BFP11 fluorophore in
suspensions of O-BFP mitochondria was considered negli-d YEGFP3. Emission spectra with excitation at 360 nm (left ordinate axis,
of mitochondria isolated from strains O-BFP (A); b-GFP (B); O-BFP/b-GFP
itochondria was incubated with trypsin (0.5 Ag) for 5 min at 37 jC and
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same sample (excitation at 360 nm), the emission intensities
corresponding to the spectra for BFP were reduced by less
than 1%.
O-BFP/b-GFP mitochondria showed similar emission
maxima to those isolated from control strain b-GFP (513
nm) when illuminated with 480 nm light, indicating that
they contain similar amounts of YEGFP3 (Fig. 4). When
BFP11 alone was initially excited (360 nm), O-BFP/b-GFP
mitochondria showed, in addition to an emission peak at
450 nm for BFP11, a second emission peak at 513 nm
corresponding to YEGFP3 (Fig. 4C). As no appreciable
emission from YEGFP3 occurred upon excitation at 360 nm
(Fig. 3B), this result indicated energy transfer between
BFP11 and YEGFP3 in O-BFP/b-GFP mitochondria. The
level of energy transfer was particularly efficient indicating
favourable proximity and orientation of the fluorophores.
Energy transfer was also observed for OG166N-BFP/b-GFP
mitochondria (Fig. 4D). Using the fluorescence intensity
ratio R513/450 (for excitation at 360 nm) energy transfer
between BFP11 and YEGFP3 for OG166N-BFP/b-GFP
mitochondria (R513/450 = 2.2) was less efficient compared
to O-BFP/b-GFP mitochondria (R513/450 = 3.4).
In order to verify energy transfer between BFP11 and
YEGFP3 in O-BFP/b-GFP mitochondria limited digestion
with trypsin was used to release the fluorescent proteins
from close proximity in mtATPase. Each fusion protein
contains a 27-amino acid linker that can be cleaved in
several positions by trypsin [31]. GFP fluorescence is highly
resistant to the action of a range of proteases [42]. The
emission spectrum (excitation at 360 nm) for O-BFP/b-GFP
mitochondria was determined after incubation with trypsin
for 5 min at 37 jC and compared to the spectrum without
added trypsin (Fig. 4, panel C). Treatment with trypsin
resulted in loss of emission from YEGFP3 at 513 nm and
a concomitant increase in emission from BFP11 (R513/
450 = 0.7). Analysis of the digestion mixture by SDS-PAGE
indicated complete cleavage of the fusion protein without
degradation of the fluorescent protein moiety (data not
shown). These results show that FRET indicated in the
spectral analysis (Fig. 4C) results from close proximity of
BFP11 and YEGFP3 in individual mtATPase complexes.
3.5. FRET occurs between OSCP-BFP11 and b-YEGFP3
assembled into individual complexes
mtATPase can be recovered from yeast mitochondria as
dimers [39]. It is possible that FRET observed for isolated
mitochondria (Fig. 4) occurred not between fusion proteins
within individual mtATPase complexes (intra-complex), but
between fusion proteins in separate mtATPase complexes
(inter-complex) that form part of a dimer or other supramo-
lecular structure. For these studies, it is important to
distinguish between these two possibilities.
Mitochondrial lysates for O-BFP, b-GFP, O-BFP/b-GFP,
and OG166N-BFP/b-GFP prepared using lauryl maltosideor digitonin, to recover the monomer or dimer form of
mtATPase, respectively, were subjected to Clear Native-
PAGE and gels visualised for fluorescence due to YEGFP3
(Fig. 5, panel A). A sample of oligomycin-sensitive mtAT-
Pase purified according to the method of Rott and Nelson
[43] was included and stained to indicate the position of the
mtATPase monomer (panel A, lane 1). mtATPase monomers
(lanes 4, 6, 8, 10) and mtATPase dimers (lanes 5, 7, 9) were
observed for lysates of b-GFP, O-BFP/b-GFP and OG166N-
BFP/b-GFP mitochondria. O-BFP mitochondria do not
contain a YEGFP3 and mtATPase complexes were not
observed in the image (lanes 2 and 3). In a previous study
[27], we showed that complexes solubilised from YG166N
mitochondria using lauryl maltoside were unstable when
subjected to Blue Native PAGE. We have since established
that the Coomassie brilliant blue G250 dye used in this
technique (and not used in Clear Native PAGE) was
sufficient to disrupt the already compromised interactions
between OSCP and the mtATPase. Complexes recovered
from OG166N-BFP/b-GFP mitochondria were also unstable
when analysed by Blue Native PAGE (data not shown).
Using an optical fibre probe coupled to the Cary Eclipse
spectrofluorimeter and the fluorescence image (Fig. 5A) as a
guide, complete fluorescence emission spectra upon excita-
tion at 360 or 480 nm were recorded in situ for regions of
the gel containing monomers of mtATPase (Fig. 5, B–F).
Emission spectra similar to those of BFP11 (Fig. 5B) and
YEGFP3 (Fig. 5C) were observed for monomer mtATPase
isolated from strains O-BFP (Fig. 5A, lane 2) and b-GFP
(Fig. 5A, lane 4) mitochondria, respectively. An emission
peak at 513 nm was observed (excitation at 360 nm) for
monomer mtATPase from O-BFP/b-GFP (Fig. 5D) and
OG166N-BFP/b-GFP (Fig. 5E) mitochondria indicating
FRET. Similar amounts of FRET were apparent in emission
spectra for dimers solubilised from O-BFP/b-GFP (Fig. 5,
panel A, lane 7) and OG166N-BFP/b-GFP (Fig. 5, panel A,
lane 9) mitochondria (data not shown). Importantly, the
emission spectrum for an equal mixture of monomer mtAT-
Pase from O-BFP and b-GFP mitochondria (Fig. 5, panel A,
lane 10) did not show FRET (Fig. 5F), clear evidence
indicating the fluorophores from separate mtATPase mono-
mers do not interact within the gel. Collectively, these
results show that FRET observed in mitochondrial mem-
branes isolated from O-BFP/b-GFP and OG166N-BFP/b-
GFP cells occurs solely between b-YEGFP3 and OSCP-
BFP11 fusions assembled into the same mtATPase complex.
3.6. ATPase activity promotes reduced FRET in OG166N-
BFP/b-GFP mitochondria
The results presented thus far were for mtATPase com-
plexes presumed to be enzymatically inactive. We next
sought to examine FRET for mtATPase complexes hydro-
lysing ATP. Emission for YEGFP3 (excitation at 360 nm)
was recorded at time intervals for mitochondrial suspensions
with or without the addition of ATP. For these experiments,
Fig. 5. Emission spectra for mtATPase separated by gel electrophoresis. mtATPase complexes recovered from O-BFP (lanes 2 and 3); b-GFP (lanes 4 and 5), O-
BFP/b-GFP (lanes 6 and 7) and OG166N-BFP/b-GFP (lanes 8 and 9) mitochondria after solubilisation with lauryl maltoside (4 g/g protein; lanes 2, 4, 6, 8 and
10) or digitonin (4 g/g protein; lanes 3, 5, 7 and 9) were subjected to Clear Native gel electrophoresis and gels imaged for fluorescence due to YEGFP3 (panel
A). A mixture comprising equal parts of those samples loaded in lanes 4 and 6 was loaded in lane 10. A sample of mtATPase purified by the method of Rott and
Nelson [43] was visualised after staining with Coomassie blue (lane 1). The positions of monomer and dimer mtATPase are indicated. Emission spectra (left
ordinate axis, black line) or 480 nm (right ordinate axis, grey line) were recorded with excitation at 360 nm for regions of the gel corresponding to mtATPase
monomers (lane 2, panel B; lane 4, panel C; lane 6, panel D; lane 8, panel E and lane 10, panel F) using a fibre optic probe coupled to the Cary Eclipse
spectrofluorimeter. Emission spectra were corrected for background fluorescence emission due to the polyacrylamide gel.
P.D. Gavin et al. / Biochimica et Biophysica Acta 1607 (2003) 167–179 175emission intensity at 513 nm was taken as a measure of
FRET and is presented as a percentage of the value at t0
(Fig. 6A). The amount of FRET for O-BFP/b-GFP mito-
chondria with or without added ATP changed little (3%
decrease and 3% increase, respectively) over the course of
the experiment (15 min). After incubation for 6 min, FRET
for OG166N-BFP/b-GFP showed a small decrease ( < 1%)
without added ATP, but decreased significantly (17%) after
addition of ATP. A second addition of ATP resulted in a
further decrease (12%) in FRET. When the contribution by
BFP11 alone to emission intensity at 513 nm was taken into
account (f 20% of the FRET signal at t0; see Fig. 4C), the
decrease in FRET for OG166N-BFP/b-GFP mitochondria
following each of the two ATP additions was 21% and 15%,respectively. FRET could be reduced to levels seen follow-
ing trypsin digestion (Fig. 4C) (R513/450 = 0.7) with further
additions of ATP (data not shown).
The reduction in FRET upon addition of ATP to
OG166N-BFP/b-GFP mitochondria did not recover upon
further incubation. Presumably, the conformational changes
accompanying the binding and turnover of ATP that led to
reductions in FRET were of such a nature that they could
not be reversed under the conditions used in this study. The
addition of ADP (1 mM) and phosphate (1.3 mM), the
substrates for ATP synthesis, did not alter FRET in swollen
OG166N-BFP/b-GFP or O-BFP/b-GFP mitochondria (data
not shown). Lysates of OG166N-BFP/b-GFP and O-BFP/b-
GFP incubated with or without added ATP were subjected
Fig. 6. Effects of ATP and AMP-PCP on FRET in suspensions of O-BFP/b-
GFP and OG166N-BFP/b-GFP mitochondria. Emission intensity at 513 nm
(excitation at 360 nm) was determined for stirred suspensions of
mitochondria (200 Ag) in 3.3 mM MgCl2, 50 mM Tris/HCl, pH 8.0 at 28
jC and expressed as a percentage of the initial (t = 0) emission intensity
(panel A). Samples were taken at intervals and assayed for the presence of
inorganic phosphate (panel B). Each addition of AMP-PCP (filled arrow) or
ATP (filled arrow and open arrow) increased the final concentration of
nucleotide by 1 mM. O-BFP/b-GFP mitochondria: (q) no addition; (n)
ATP; (5) AMP-PCP. OG166N-BFP/b-GFP mitochondria: (.) no addition;
(o) ATP; (z) AMP-PCP.
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to YEGFP (data not shown). Results showed that complexes
did not change their mobility upon incubation with ATP
suggesting that alterations in FRET are not due to separation
of the F1 and F0 sectors of the complex.
Two reasons may be proposed to account for ATP-
dependent reduction in FRET observed for OG166N-BFP/
b-GFP mitochondria. First, binding of ATP to F1 alone
might induce conformational changes within a3h3 sufficient
to alter interactions between OSCPG166N (owing to the
close proximity of F1a3h3 and OSCP) and subunit b.
Alternatively, OSCPG166N may be unable to maintain
correct contacts with F1 or subunit b when the enzyme is
undergoing the full range of conformational movements
associated with ATP hydrolysis. In order to investigate these
possibilities, experiments were performed where: (a) ATPhydrolysis was determined in parallel with fluorescence
analysis, and (b) ATP was replaced with AMP-PCP, a
non-hydrolysable ATP analogue that binds to the catalytic
site of subunit h and has been shown to induce significant
conformational change in F1 [46].
ATP hydrolysis was monitored during the experiment by
assaying for the presence of inorganic phosphate, a product
of ATP hydrolysis. Phosphate levels increased upon addi-
tion of ATP to O-BFP/b-GFP and OG166N-BFP/b-GFP
mitochondria but remained low and unchanged without
added ATP (Fig. 6B). The rate of phosphate production
mirrored the rate of decrease in FRET. Phosphate produc-
tion following addition of ATP to O-BFP/b-GFP mitochon-
dria was decreased in the presence of oligomycin (data not
shown). FRET for OG166N-BFP/b-GFP mitochondria un-
derwent a small but rapid drop (3%) upon addition of AMP-
PCP (1 mM) falling steadily by a further 3% after 5 min of
incubation (Fig. 6). Further additions of AMP-PCP did not
affect the rate of decrease of emission intensity (data not
shown). A single addition of ATP to a separate sample of the
same mitochondria resulted in a 17% drop in FRET over the
same time period (Fig. 6A). Addition of AMP-PCP or ATP
to O-BFP/b-GFP mitochondria did not alter the amount of
FRET. Collectively, these results show that changes in
FRET result from ATP hydrolysis by mtATPase. However,
binding of nucleotides themselves in the absence of catalytic
activity may have a minor role in diminishing FRET.4. Discussion
A key finding of this study was the reduction in FRET on
addition of ATP to OG166N-BFP/b-GFP mitochondria, but
not for O-BFP/bGFP mitochondria. The absence of large
changes in FRET in either the presence or absence of added
exogenous ATP in mitochondria isolated from strain
O-BFP/bGFP, suggests that the C-terminal region of native
OSCP maintains the same configuration relative to the C-
terminal region of subunit b through periods of rest and
activity. This does not exclude the possibility of changes in
relative configuration taking place between other regions of
OSCP and b that do not impact on interactions between C-
termini of these proteins. It is possible that the G166N
substitution perturbs or weakens the functional interaction
between OSCP and subunit b of the stator. This may
represent a partial inability to function as a structure
necessarily being able to demonstrate some elasticity, a
suggested role of the stator stalk [7–10]. Our results suggest
that any elasticity in the stator presumably lies toward the
membrane-bound part of subunit b as FRET was essentially
unaltered in O-BFP/b-GFP, whether mtATPase was at rest or
hydrolysing ATP, and indicates that the C-terminal domains
of subunits b and OSCP, known to be in close proximity
[15,16], act in concert to move as a single entity.
Alternatively, the key interaction that may have been
perturbed in OG166N-BFP/b-GFP mitochondria was that of
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though the results of cross-linking studies in yeast suggest
G166 may be part of a face of OSCP that interacts with
subunit a (Samarajiwa, S., Stephens, A.N., Papakonstanti-
nou, T., Zhang, C., Malyan, K., Nagley, P.N., Prescott, M.,
and Devenish, R.J, unpublished data), no other evidence is
available concerning whether this residue interacts with the
surface of the a3h3 hexamer or the C-terminal region of
subunit b. If G166 does interact with F1, specifically the
surface of the a3h3 hexamer, then the G166N substitution
may lead to an inability to maintain critical connections with
a or h as the surface of the hexamer undergoes conforma-
tion changes during ATP hydrolysis. Both the a and h
subunits undergo large conformational changes through
occupation of binding sites and rotation of the central shaft
(for review see [Ref.45)]. In re-association experiments
carried out using yeast mtATPase, it has been shown that
interactions between OSCP and F1 are strengthened signif-
icantly in the presence of F0 [46]. These results suggest that
the presence of F0, probably subunit b in this case, has a
synergistic effect on the binding of OSCP to F1.
Following multiple additions of ATP, a strong correlation
was observed between the rate of phosphate production and
rate of loss in energy transfer between GFP and BFP for
OG166N-BFP/b-GFP mitochondria (Fig. 6). When added
separately, neither the product of the ATP hydrolysis reac-
tion, ADP, nor the non-hydrolysable ATP analogue AMP-
PCP had this effect. The subunit b/OSCPG166N assembly
is therefore able to tolerate the structural changes that occur
at F1, as a result of nucleotide binding when the enzyme is
inactive [44,46]. The structural weakness in the subunit b/
OSCPG166N assembly was made truly evident when tor-
sional forces were applied to the a3h3 hexamer. Collective-
ly, these results provide convincing evidence that alterations
in energy transfer and therefore the interactions between
OSCPG166N and subunit b result from catalytic activity of
the complex.
Until detailed structural information is reported for OSCP
and its interactions with a3h3, it remains impossible to
determine which interactions are undermined by the
G166N substitution, however, this knowledge is not critical
for interpretation of results presented here. Whatever the
structural alteration detected by the reduction of FRET, our
results suggest that native OSCP remains conformationally
unaltered in relation to subunit b, whether the enzyme is at
rest, or actively hydrolysing ATP. This observation demon-
strates that the normal association between OSCP and
subunit b is strong enough to resist large structural changes
at the surface of F1 and torsional forces generated by the
rotation of subunit g. The reduction of FRET in mtATPase
incorporating the OSCPG166N variant during periods of
enzyme activity highlights the presence of stresses produced
by such forces that are normally withstood by native OSCP.
We conclude, based on results of experiments for mtATPase
complexes in OG166N-BFP/b-GFP mitochondria, that
OSCP and subunit b, candidate proteins of the stator stalk,are subject to forces during enzyme activity that are con-
sistent with them having a role as components of a stator
stalk.
If all complexes in the mitochondrial preparations are
enzymatically active, it is intriguing as to why numerous
additions of ATP to OG166N-BFP/b-GFP were required for
energy transfer to approach zero. One likely explanation is
that in mtATPase complexes containing OSCPG166N,
interactions between OSCP and subunit b become less
stable at high turnover rates. Since the rate of hydrolysis
by mtATPase and rate of rotation are dependent upon ATP
concentration, the rate of energy flow through individual
complexes would be expected to increase with ATP con-
centration. At ATP concentrations sufficient for high turn-
over rates, the dwell time between the conformational
changes associated between each 120j substep rotation of
subunit g would be reduced (see Ref. [45] for review). Less
time between each movement of the g subunit would be
available for OSCPG166N partially compromised in its
ability to bind to F1 to re-establish interactions with the
complex. As a result, it would be expected that complexes
containing irreversible alterations in their configuration
would accumulate.
This work shows that two different subunits fused to
GFP variants, suitable for FRET, can be incorporated into
the same mtATPase enzyme complex. Importantly, the
associated GFP moieties did not alter the properties of yeast
strains expressing OSCP or the variant OSCPG166N. This
offered the opportunity to study in real-time interactions
between OSCP and subunit b in mitochondrial membranes
by monitoring FRET. It should be possible with fusion
proteins configured for FRET to follow other events related
to mtATPase function in mitochondrial membranes in real-
time. These might include oligomerisation of the complex,
or rotation of the central rotor. Subunit g can be tagged at its
C-terminus [47,48] and strains expressing binary combina-
tions suitable for FRET have been generated that potentially
allow such questions to be addressed (Prescott, M., McKee,
K., and Devenish, R.J., unpublished data).Acknowledgements
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